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ABSTRACT

An efficient method is presented for calculating chemical composition in a perfectly
stirred reactor at a given pressure, stoichiometry, and mass flow per unit volume. Either
temperature or enthalpy may be prescribed as the additional condition for the
computations, By employing linearization techniques, the nonlinear equations of detailed
finite rate chemical kinetic schemes are reduced to a system of algebraic equations which
are solved iteratively, No difficulties are experienced in obtaining converged solutions using
the techniques described in this report. A computer program is presented for solution
of problems with arbitrary fuel/oxidant combinations.
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NOMENCLATURE
Aj Pre-exponential coefficient in the jth reaction rate constant
ag,® The kth specie coefficient in the conservation equation for the £th specie
B; Back reaction rate of the jth reaction
b; Back reaction rate constant in the jth reaction
Cp Constant in the 2th conservation equation
G Specific heat of the mixture
Cp; Specific heat of species i
d;; Third-body efficiency of species i in the jth reaction
E; Activation energy in the jth reaction rate constant
F; Standard molar free energy of species i
AF; Change in free energy in the jth reaction
fj Forward reaction rate constant in the jth reaction
H Specific enthalpy of the mixture
l:IL Enthalpy lost from the system
h; Specific enthalpy of species i
Kj Equilibrium constant for the jth reaction
I(pj Equilibrium constant for the jth reaction (pressure units)
m Mass flow rate into the reactor
N Number of linearly independent species
NR Number of reactions
NT Total number of species
P Pressure
R Universal gas constant (thermal units)

vi
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R’ Universal gas constant (pressure/volume units)

T Temperature

t Time

v Volume of reactor

w Molecular weight

X5 Third body in a dissociation reaction

Xij Coefficient in the solution matrix

Vi Constant in the solution matrix

a'jj,a'y; Stoichiometric coefficients for the ith species in the jth reaction

Bj Index which is zero for second-order and unity for third-order reactions
¥i Mole mass ratio of species i in the reactor

T Rate of production of species i due to chemical reaction

8; Finite approximation to the error in assumed species mole mass ratio
ot Finite approximation to the error in assumed temperature in the reactor
p Density of the gas mixture

TR Residence time in reactor (average value for all molecules)
SUPERSCRIPTS

o Denotes standard value or feed quantity

* Denotes approximate value of a variable

SUBSCRIPTS

ik, R Dummy subscripts on species

] Denotes reaction number

T Denotes temperature coefficient

vii
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SECTION 1
INTRODUCTION

A well-stirred reactor is a device into which fuel and oxidant are injected, mixed,
and reacted. If the mixing time is much shorter than the total residence time in the reactor,
then the temperatrue and composition in the device may be considered perfectly stirred,
i.e., uniform and the same as the exhaust from the device.

The concept of a well-stirred reactor was initially developed by Longwell and
co-workers (Refs. 1 through 3) for investigation of reaction fuel/oxidant systems. Typically,
measurements were made of injection rates that caused extinction of the flame for various
fuels, equivalence ratios, pressures, and initial temperatures. These measurements were used
to deduce maximum volumetric rates for the aggregate of the participating reactions, i.e.,
the "volumetric-heat-release rates." Their lead has been followed by several groups of
workers, namely: Clarke, et al (Refs. 4 through 6), Hottel, et al (Refs. 7 and 8). A large
volume of literature exists in the chemical process industry where the stirred reactor is
used extensively. It is in this industry where stirred reactor theory was extended to more
than a one-step reaction from reactants to products and, in particular, incorporation of
statistical models of turbulence and effects of incomplete mixing/stirring (Refs. 9 through
11). Jenkins and Yumlu (Ref. 12) introduced the concept of making detailed reaction
rate studies with a stirred reactor. Detailed numerical studies were carried out for the
hydrogen/oxygen system, using a program developed by Jones (Ref. 13) for solving the
finite rate chemical kinetic equations, The computer program was used to determine
corrections to reaction rate constants so that predicted flame temperatures could be made
to agree with measured values for a limited range of operating conditions.

The strong similarity of a stirred reactor to the gas turbine engine primary combustor
has led to its application to gaseous pollutant studies (Refs. 14 through 16). However,
the large number of variables, 13 species plus temperature even for methane combustion,
demanded a high degree of sophistication in iterative techniques to obtain solutions, Several
solution techniques have been developed (Refs. 13 and 16). The method of Ref. 13 is
based on solving a set of nonlinear algebraic equations which describe the chemical kinetics
of a fuel/oxidant system. The equations are linearized about the solution and an iterative
procedure used to obtain converged solutions. A similar technique is described in this
report including extension to variable temperature as well as specie composition. The
method used in Ref. 16 is referred to as a technique for solving the time dependent
form of the stirred reactor equations by a relaxation method. Another method employs
numerical” integration techniques with the time dependent term in the stirred reactor
equations relaxed to zero when the solution is obtained. Considerable difficulty has been
experienced with the iterative method of solving the linearized algebraic equations. The
equations are highly nonlinear and the generally used Newton-Raphson technique requires
an approximate solution from which to start the iteration. The difficulty increases rapidly
as the number of variables increases. The convergence problem becomes quite severe in
chemical laser calculations where each excited state of a specie is considered as a separate
specie (Ref. 17). The perfectly stirred reactor may constitute an ideal chemical laser because
of the uniformity of chemical state over the whole volume and its ability to operate
steady state as far from chemical equilibrium as desired (providing flameout does not
occur).
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The technique and program presented in this report have been used for a variety
of problems over a large range of input pressures, temperatures, stoichiometries, and mass
flows/unit volume. Convergence is obtained without difficulty even for large numbers of
variables, and parametric calculations have been carried out with very short computational
time requirements.

The system of equations to be solved and the method of solution is described. A
listing of the program and a description is then given with representative sample calculations
for a hydrogen/air and a methane/air system.

SECTION I
THEORY OF THE IDEAL STIRRED REACTOR
WITH FINITE RATE CHEMISTRY

Suppose that a reactant gas stream flows at a mass flow rate (m) into a reactor
of volume V, its composition being defined by a set of values (v;), representing the inlet
concentration of the component species i. The composition in the reactor is assumed
uniform (perfectly stirred) and identical with that in the exhaust stream; it is defined
by the set of values (v;). The temperature T is also supposed uniform in the reactor
and exhaust stream. The reactor walls are assumed to be entirely inert chemically and
do not catalyze the reactions in any way. The gases are assumed to be thermally perfect.

Conservation equations can be written as follows:

Species i
. . dy;
R R TR (1)

The species production rate (%;) is obtained from

- NR sl [
Energy
« NT dH .
Pl"' Zh°—yh)= g+ H (3)

For steady-state, adiabatic operation, these equations reduce to those of Ref. 12:

%(}'i"-‘}’i) + S’i =0
4)
H, =0
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The a;j and ajj are stoichiometric coefficients in the jth chemical reaction, F; is the
rate of the forward reaction, and B; is the rate of the backward reaction. The quantities
h; and hj are specific enthalpies (functions of temperature only) in the reactor and inlet
stream, respectively, of species i. The steady-state form of the equations is used in this
report.

The reaction rates are related to the concentrations in the reactor by

s

NT 8. NT all
B\ i j ij
Fj = fX7T M (pyy ~ and B; = by X, 1T (oy) (5

where p is the density of the gas mixture in the reactor, fj and b; are rate constants
of the forward and backward reactions, respectively, and X; is a third body in a dissociation
reaction and is given by

X; = Z i (6)
where the dj; represent third-body efficiencies. The rate constants are of the form
n.
fj = AjT Pexp (-Ej/RT) N

however, the back reaction rate constant is not chosen independently. The rate constants
obey the following relation:

NET
S (af - a1
K; = K, (R"D™ b )
i
Kp. = exp(—AFj/RT) (10)
]
NT ’s ’, 0
= exp -iz'l (aij'aij)Fi /RT (1N

K; is the equilibrium constant and Fj is the molar free energy of species i. The system
of equations is completed with the equation of state

’

R -,

where P is the system pressure and W is the molecular weight of the gas mixture.

The equations form a complete algebraic system of nonlinear equations for steady-state
operating conditions and can be solved by standard techniques once a reaction kinetic
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scheme, rate data, and thermodynamic data are given. An efficient method of solution

is described which has proved quite successful for a large range of problems.

It is assumed that at least one approximate solution can be obtained using an
equilibrium composition calculation, a one-dimensional finite rate chemistry calculation
(plug flow) or solution by integration of the transient stirred reactor Eq. (1) with
the transient term relaxed to zero. Guessing a solution is nearly impossible for all but
very simple reaction schemes such as that of Ref. 12.

These approximate values (y}) and T* are used in a Newton-Raphson procedure to
obtain first-order correction terms from which new values of v4; and T can be obtained

L]

Yvi=vi t 9

T T*+8T

(13)

(14)

By repeating the procedure, the §; and 81 can be relaxed to some negligible value; thus
final values (solutions) for 7y; and T are obtained.

The correction equations are obtained as follows:

Yi =y; + dy; and

0 . ¥ -
vi =¥ o+ dy

L]
BT dT + ﬁ dp + kzl E-k— dyk
aFj' aFj' NT aFj.
3T dT + a—p dp + kzl _ayk dyy
aBj' aBj' NTaBj'
l\'s:l' (9.‘(j"l
W21 3y, e

Not all variables are linearly independent; thus,

dp

dyg

b

The Cg values are obtained from element conservation equations.

]

ap"' NT ap'
FodT v 5

N
Z agdy, L= N+ LNT

N
Cg + 2 2P

(15)

(16)

an

(18)

19

(20)

2n

(22)
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The partial derivatives are obtained from the preceding conservation equations. If

temperature is an unknown variable, the energy equation is used to obtain a correction
equation for it: '

NT .
NT N NT
dl = izl yidh; + kz'l (hk + gN+1 ak,lhﬂ)d}’k (24)
N NT
= CpdT + 3 {by, + 3 ooy ghyldy, (25)
where NT
C, = El yicpi (26)
Summarizing gives
};i . };i(}’ks 'I‘) i,k = l,N (27)
p=ply,T (28)
ve = vy ,T) £ = N+, NT (29)
}’io‘}’i. + rR‘};; = ay; - fn"'d'};i - };i.d’R (30
Where fR= pTv = T.R -+ dTR (31)
m
and dr d
R P
—_— o == 32
™ P 32
Substituting for drg gives
P
o _ ,* L o 2 Yi [dp* NTapt
Ys Yi + g7y = dy; - rn[iyi + -;_—(—a-,—r dT + kfl .671: dy, 33)

Substituting for dy; and dy;
vi® = v+ Y = dy —rn*[;ii - ”?:(;:.—i. + ﬁ)d'r]
~rg {Sl[@:—i - o'W %‘:_)

e NT
-y Wl + Z§N+l ay g )i dvy (34)
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where
9% _p
3T ™
and
dp* .
ﬁ - -p'W (35)

21 METHOD OF SOLUTION

When a converged solution is obtained both the left- and right-hand sides of Egq.
(34) are approximately equal to zero. By using the Newton-Raphson technique, estimates
(7]) for N of the total number of species NT are required together with an estimate of
the temperature (T*). These estimates are used to evaluate the terms on the right-hand
side of Eq. (34). Thus, a matrix can be formed as follows:

N
yi= Z%udc + x,rdp i=1N (36)

where dvyy is replaced by the finite approximation (6t), dT is replaced by 6T, y; represents
the left-hand side of Eq. (34), and the x;. represent the coefficients on the right-hand
side. The (N + 1) row of coefficients to be added to the above matrix are:

YN = dH = AH = H, - H (37
NT
Nelk = B+ 2 ey ghe (38)
Thus,
N
YN+l = F *Ne1,6 8k + Cpdr (39)

If the stirred reactor composition is required at a specified temperature and pressure,
instead of in terms of the inlet energy and pressure, then only the coefficients of an
N x N matrix are required, and the 81 terms are ignored.

The matrix is solved for the unknown &y and 8, and values of y, =y + 8¢ and
T = T* + &1 are computed. The process is repeated until §y << y¢ and 67 << T.

Some difficulty was experienced in obtaining converged solutions for N > 6. The
primary problem was found to be the exponential response of specie derivative terms
when large temperature corrections were required in constant enthalpy calculations. This
problem was overcome by deleting all temperature coefficients from the matrix and
allowing several composition iterations to be made between each temperature correction
obtained as follows:

Let H, - H = CAT
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H and C, are evaluated from the current value of vi and T*, and a new value of T
is given by

T=T +AT = T + M, - H/C,
It was also found that if an odd fraction was used to multiply each indicated correction
for species and a large fraction used to reduce the temperature correction until the AT

changed sign and then use a small fraction to reduce it, oscillations about the solution
were eliminated.

2.2 REACTION RATE SENSITIVITY COEFFICIENTS

The experiments described in Ref. 12 were designed to furnish data to allow
adjustment of the reaction rates so that the reactor temperature predicted by the computer
program could be made to agree with the measured value. An analysis of the sensitivity
of predicted reictor temperature to individual reaction rate constants was carried out to
determine which, if any, had a dominant role in determining the reactor temperature,
Since reactions rates are functions of composition also, the calculations were repeated
with different values of initial water concentration in the feed of hydrogen/oxygen. The
sensitivity coefficient is defined as

aT
fj a—’,

with units of °K. It represents the change in reactor temperature for an infinitesimal change
in reaction rate constant (f;). The quantity is evaluated numerically for an 0.1-percent
increase in reaction rate constant (fj):

ot _ ¢ AT

fiar = bar
] )

This calculation is carried out for each reaction rate in sequence. The sensitivity to
initial feed composition may also be evaluated with the computer program. Control integers
are incorporated whereby the feed composition of any variable is assigned multiples of
5 percent of the inert species composition. Reaction rate sensitivity coefficients are
re-evaluated for each new feed composition. The range of possible experiments is
considerably increased by this means since, for the methane/air system, CO, CO,, and
H,O can be readily included in the feed stream.

This subroutine is used to gain insight into which reactions are rate controlling for
various reactor temperatures and feed compositions. Tabulating the sensitivity coefficients
for a wide range of input conditions and reactor residence times shows whether some
reactions may even be eliminated in practical calculations. If the sensitivity coefficient
in a reaction is always small relative to others, then this reaction could probably be
eliminated. An example is discussed in a later section for the methane/air system. An
example for the hydrogen/oxygen/steam system is given in Ref. 12,
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SECTION 11
COMPUTER PROGRAM

A computer program was written for the Raytheon 520 digital computer in Fortran
IV language. A listing of the program is given in Appendix IIl. The program is written
in-a general format so that any chemical system can be investigated. The maximum number
of different species is 20, and the maximum number of chemical reactions is 76. Either
of these numbers can be readily increased or decreased as desired.

A number of options are included which allow a range of known flame temperatures
and/or a range of mass flows per unit volume to be used. An additional subroutine has
been incorporated to calculate temperature sensitivity coefficients for reaction kinetic
schemes.

The program is divided into several subroutines which execute specific parts of the
overall calculation. The calculations are controlled by integer variables defined in the main
program. Some comments have been added to help identify the types of calculations carried
out in the program.

3.1 MAIN PROGRAM
Data cards are as follows:

I. P, T. TO, DELT, TMIN

1. MDOTV, DMDV, NT, N, LT,
MT, IT, NR, NN, NNT

lI. XOd), I =1, NT

Iv. X)), 1=

|
Z
-3

V. WD, 1

]
z
—

I. P is the system pressure (atm), T is the known or estimated flame temperature
(CK), TO is the feed temperature, DELT is the temperature decrement desired when
temperature is not a variable, and TMIN is the minimum temperature at which a calculation
is to be attempted.

II. MDOTYV is the mass flow per unit volume (g cm3 sec’!), DMDV is the factor
by which MDOTYV is to be increased (or decreased) in parametric calculations, NT is the
total number of chemical species, N is the number of linearly independent species, LT
is the number of times MDOTV is to be multiplied by DMDV, MT is the number of
times DELT is to be subtracted from T, IT is a control variable (=1 for constant
temperature, and =2 for constant enthalpy calculations). NR is the total number of chemical
reactions, NN is a control variable (=0 to bypass the reaction rate sensitivity calculation
and =l, the species number whose concentration is to be changed in the reaction rate
sensitivity calculations), and NNT is the number of times species NN is to be changed.
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III. XO(I) is the molar ratio of species I in the feed. The order of the species
is not arbitrary; the species to be evaluated with conservation equations must be last.

IV. X() is the molar ratio of species I in the reactor. The order of the numbers
must be the same as in the card above. This requirement applies to all specie and specie
data cards.

V. W() is the gram-molecular weight of species I.
Calculations carried out in the main program are:

i.  normalization of input concentrations followed by conversion to mole
mass units and summed tc obtain the reciprocal molecular weight of
the mixture.

ii. Subroutine BB3 is called. In this subroutine, species enthalpies, specific
heats, free energies, and derivatives of free energies are evaluated. The
first time BB3 is called, the initial enthalpy corresponding to the feed
temperature and composition is calculated (HO). The next time BB3
is called, the current value of T is used. The subroutine is not called
again until T is changed. The free energies and their temperature
derivatives are used to evaluate equilibrium constants and their
temperature derivatives.

iii, Calculation of feed and estimated flame densities.

iv. Calculation of estimated reactor residence time.
3.2 SUBROUTINE COMP

This subroutine calls a number of subroutines in which the data necessary to evaluate
the coefficients for the iteration matrix are calculated. When the coefficients have been
evaluated, a matrix reduction routine is called which returns the values of the corrections
to the initial estimates. A check is then made to determine whether the largest correction
would produce a negative species concentration, if so then all correction terms are reduced
by the amount necessary to prevent this, and finally the corrections are multiplied by
0.37. This has ensured satisfactory convergence for all calculations attempted. The new
values of the species are evaluated, and a check is made to see if the original equations
are satisfied; if so, the converged solutions are used to compute final values of molecular
weight, density, and enthalpy and these values are returned to the main program.

The sequence of calculation is as follows:

i.  Subroutine BBl is called once only, to obtain coefficients for the
conservation equations and their derivatives.

ii. Subroutine BB4 is called every time a new set of composition
corrections is to be calculated. This subroutine also calls Subroutine
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RATES if the temperature is changed, otherwise once only to establish
the values of the reaction rate constants and their derivatives. The
majority of the partial derivatives are calculated in subroutine BB4.

iii., The coefficients for the matrix are evaluated.

iv. Subroutine CHOLES, the matrix reduction routine, is called to evaluate
the values of the corrections.

v. The corrections are used and convergence to the solution evaluated.
3.3 SUBROUTINE BB1

This subroutine evaluates the coefficients of the conservation equations using constants
which are read in the first time the subroutine is called. The data are read in as follows:

I. J(I), I = NL where NL is the number of linearly dependent species (NL = NT
- N). Each integer read in denotes how many coefficients are to be called for in the
J(I) th conservation equation,

II. (NS(K,I), SC(K, I), K =1, 1)), I = NL where JJ (=J(I)) is the number of species
in each conservation equation. NS (K, I) is the number of the species, and SC(K, I) is

the value of the coefficient in the conservation equation.

An example for conservation of Hy and O; in the H3/0; system is

H, = 1/2 H + 1/2 OH + H,0 + H,
0, =1/20+ 1/2 OH + 1/2 H0 + Oy
Card [ 4, 4

Card Ila 1,05 3,05 4,10 5,10
Card IIb 2,05 3,05 4,05 6,10

where 1 = H, 2 =0, 3 =OH, 4 = H;0, § = Hy, 6 = O,. The order of the cards must
correspond to the order of the molecular weights in the main program,

3.4 SUBROUTINE BB3
This subroutine is used to calculate species enthalpy, specific heat, free-energy, and
derivatives of free energy. The first time subroutine BB3 is called, a set of coefficients

is read in as follows:

Cd, KK), I =1, 14 KK =1, NT

10
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These coefficients correspond to those given in NASA-SP-3001 (Ref. 18). The first seven
coefficients correspond to the temperature range from 300 to 1000°K and the second
seven are for the range from 1000 to 5000°K, i.e., fourteen coefficients per specie. These
data cards must correspond to the order of the molecular weights in the main program.

3.5 SUBROUTINE CHOLES

This is a standard matrix reduction routine developed by Glassman!. It is based on
the Choleski method for matrix factorization.

3.6 SUBROUTINE BB4

This subroutine contains the "chemical kinetics" of the chemical system being
investigated. The data cards contain all the information relating to chemical reactions and
reaction rate constants. Subroutine RATES is called first to evaluate reaction rates and
reaction rate derivatives; then the partial derivatives required for the matrix reduction
equations are evaluated.

The following nomenclature is used to denote the corresponding variables in Section

Il1.
) dy;
DBDBLK) = =—
P ( ayk

BO(D = v B =y R

9y % BD(D = v
DBDT(]) = 3T DBDR(D) = 3 = Y

The reaction rate cards are read in as follows:
I. NR

II.  ITR(R), ITP(IR), (KK(IR, I), T = 1, 4), A(IR),
EX(IR), TEX(IR), IE(IR), IC(IR), IB(IR)

II. (AIdR), ER(R, I), I =1, 4)
IV. KSR, I), I =1, IC (IR)
I. NR is the total number of reactions, IR is an integer in the range IR = 1, NR.

II. ITR(R) and ITP(IR) are the number of reactants and products in the IRth
reaction. KK(IR, I), I = 1, 4 denotes the Ith species in the IRth reaction, and a maximum
of four is allowed (in a recombination reaction, e.g.,, H+ H + M = H, + M, M has
the value NT + 1 and the four integers corresponding to the reactants and products 1,
1, 5, 7 in the nomenclature of Subrountine BB1). A(IR) is the pre-exponential factor,
EX(IR) is an activation energy, and TEX(IR) is a temperature exponent in the IRth reaction
rate constant.

Iy, N. Glassman, Central Computer Operations, ARO, Inc., AEDC

11
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IE(IR), IC(IR), and IB(IR) are integer controls for different types of reactions. They
are most easily explained by the following examples:

a. Two body reaction with forward rate constant data read in:2
H+ 0, =0H +O0
IR =3, A(1) =19 x 1014 EX(1) = 9007.0, TEX(l) = 0
1IE(1) = 0, IC(1) = 0, IB(1l) = 1
The data card for this reaction is
2,2, 1,6, 3, 2, 1.9E + 14, 9007, 0., 0, 0, 1
Cards III and 1V are not required.
b. Three-body reactions must be written as recombination reactions:
H+H+M=H, +M

If the known rate is k, for the back reaction, then IB(1) = -1 so that
the reaction rate corresponds to the right-hand side.

The card would then read
3,2,1,1,4, 7, 5. OE + 18, 0.0, -1.15, 0, 0, -1

¢. Three-body reaction with H;O 4.7 times as efficient as any other species
acting as a third body: IR=8 H+OH+ M= H,0+ M

Card II would read (with IE(2) = 1)

3,2, 1, 3,4 7 12E + 17, -252,, 0, 1, Q, 1
Card Il would read

4, 3.7 where [1(2) = 4 and ER(2) = 3.7

The value of ER(IR) is always 1.0 less than the third-body efficiency. If
they are all equal to unity, the card is not required. If the reverse reaction
is effectively zero, then IB(2) = 0, and

Card 11 would read
3,2, 1,3,4,7, 1.2E + 17, -252,, 0., 1, 0, 0
d. Special Reaction:
IR=9H+0; +M->HO, +M=>20H+M

This reaction is handled with data given in Card IV.

2Reactions and rate data are detailed in Table I (Appendix II).

12
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M. 3,2 1,6, 7 21E+18,0, -1, 1,50
. 4, 26
Iv. 1,6 17 3,3

where IC(3) = 5, the number of molecules involved whose numbers are
specified in Card IV. Card III is required since H5O is assumed to be 3.6
times as efficient as all other molecules acting as third bodies.

3.7 SUBROUTINE RATES

This subroutine evaluates the values of the reaction rate constants and derivatives
required in subroutine BB4.

In Section III, f; = A; T exp (- Ej/RT)
in this subroutine f; = FR(IR) = A(IR) TTEXUR) eE(IR)/T

In Section III, b; = fjK; (K; = EQ in this subroutine).
This equilibrium constant EQ is evaluated using free energies obtained in Subroutine BB3.
3.8 SUBROUTINE RCHEK

Reaction rate sensitivity coefficients are obtained in this subroutine using a numerical
approximation for
aT
Sk
J
The subroutine is called if the integer NN # O in the main program. If NN is nonzero,
it is equal to the number of one of the constituent species.

The control integer NNT determines if and how many times the feed concentration
of species NN is to be increased as a fixed percentage (5 percent of the last species
concentration with the inert Ny the species NT). This enables the sensitivity coefficients
to be determined as a function of each species thought to be significant. Inclusion of
the call statement for this subroutine within the loops for temperature and/or mass flows

per unit volume enables the effect of temperature and residence time to be calculated
also,

The sensitivity coefficient is evaluated as follows:
An integer ('ICR) is specified and when subroutine rates is called, the pre-exponential
coefficient A(IR) is relabelled A(ICR) and multiplied by 1.001. The calculation is carried

out with IT = 2, i.e., at constant enthalpy and a new value of temperature determined
and compared with the value calculated previously (before A(IR) was multiplied by 1.001).

13
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The difference in these two temperatures is multiplied by 1000 and this represents the
temperature change AT for a 0.l-percent change in reaction rate constant. The sequence
is carried out for ICR = 1, (NR + 1), ie,, all the reactions are investigated including
the (NR + 1)th, which is a check to see if AT = 0. for this case,

This subroutine is useful for determining if certain reactions have a negligible effect
on the chemical system (AT & 0 for a range of stoichiometries, residence times,
temperatures, etc.). If they are negligible, they can be eliminated to speed up the calculation
and reduce computational time.

3.9 SAMPLE OUTPUT

The sample output data immediately after the listing are for a CH, /Air system detailed
in the next section. The integer controls correspond to the use of subroutine RCHEK.
Thermodynamic data evaluated at temperature T, °K are listed on the first page of output
lists. The coefficients used in Subroutines BB1 and BB4 are listed on the second page.
Solutions for the case 7EH3 (BO(6)) equals 0.0 and 0.5 percent of 'YEH4 (BO(5)) are
presented on the third page. The first solution is an IT = 1 case to determine the enthalpy
at the given temperature and is written from the' main program. The second solution (IT
= 2) contains the sensitivity coefficients with the same feed as for the first solution and
is written from Subroutine RCHEK. The third solution (IT = 2) is written from
Subroutine RCHEK for ycus = 0.005 YCH,.

SECTION IV
SAMPLE CALCULATIONS AND DISCUSSION

41 HYDROGEN/OXYGEN SYSTEM

The chemical kinetic scheme and reaction rate data used are given in Table 1. Enthalpy
versus temperature data are shown in Figs. 1a and b (Appendix 1) for equivalence ratios
(ER) = 0.1 and 1.0. The minimum in each curve corresponds to the temperature at which
the flame "blows out." The stirred reactor requires a significant rate of production of
the "active" species H, O, OH, and H,O to sustain a flame, and a minimum residence
time is required for this to occur in the reactor. This is, of course, why the minimum
shifts to higher temperatures as the residence time is decreased (increased m/v).

The chemistry in perfectly stirred reactors (PSR) differs somewhat from that in
premixed plug flow reactors (PFR). In a PFR, the H, O, and OH species concentrations
increase exponentially with time during the ignition process, followed by a decrease as
the temperature increases to the flame temperature. In a PSR, the production rate of
H, O, and OH is always positive as required by the species conservation equation. This
requirement leads to different behavior with increasing time as shown in Figs. 2a through
c. This characteristic may be used to advantage in a chemical laser where a supply of
radicals is required in a chain-type reaction, operating marginally past the spontaneous
ignition point (Ref. 17). The concentrations as a function of temperature with enthalpy
constant in both reactor models are essentially identical as shown in Fig. 3 with numerical
errors accounting for the difference. The PFR calculations were obtained with a separate
computer program.

14
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4.2 METHANE/AIR SYSTEM

The chemical kinetic and reaction rate data are given in Table lI. Nitric oxide
formation represents a composite of the following reactions:

a. N+0,=N0+0 b, = 1.55 x 10° T e~19.430/T
b. 0 + Np = NO + N f, = 1.36 x 1014 ¢—37,750/T
¢c. N, + O, = NO + NO fo = 9.1 x 1024 T-2.5 ¢—64,300/T

The rate of production of NO is given by

Ny - 0y = 2NOf = fpy i-ees );NO = 21‘11-’/1\’2)’02

The error in NO concentration is small for temperatures < 2500.0°K and could be readily
reduced with some numerical experimentation on the reverse reaction rate constant.

An enthalpy temperature map for this system is shown in Fig. 4. Some results obtained
using the reaction rate check subroutine are shown in Table IH,

The results are presented for a few calculations only. In practice, a comprehensive
series of tables would be necessary with as large a range as possible of input conditions,
composition, stoichiometry, and residence time @r). Inspection of the table shows that
the nitric oxide production equation could probably be eliminated from thermal balance
calculations for this range of conditions since its sensitivity coefficient is always relatively
small. It obviously should be retained if nitric oxide composition is to be estimated. A
marked sensitivity of nearly all reactions is evident near the blowout condition (see Table
III) for m/V = 16, T = 1500°K. This table does not indicate any operating condition
for which only one reaction has a high sensitivity coefficient. This is what one should
look for in a comprehensive series of tables since this indicates that the reaction rate
constant of this reaction can be adjusted to make predicted and experimental temperatures
agree. Repeating the procedure for each experiment with one or more dominant reactions
allows successive improvement of each rate constant to be made.

It should be remembered that the stirred reactor concept is limited to evaluating
a given chemical kinetic and reaction rate scheme, i.e., it cannot serve as a source of
fundamental data on individual chemical reactions. It can, however, be used (numerically)
to evaluate the possible influence of proposed reactions. Thus, the stirred reactor provides
a simple means of evaluating simplified schemes designed to approximate more detailed
chemical kinetic schemes. :

SECTION V
CONCLUSIONS

The computer program has been used successfully to solve large sets of nonlinear
equations in an efficient manner. No difficulties in obtaining solutions are experienced
if the following directions are followed closely:
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1. Obtain one set of concentrations from a finite rate solution or an
equilibrium solution.

2. If temperature is to be varied, restrict the temperature change to less than
300°K. If larger temperature changes are desired, then the solution should
be "marched” i.., split up the desired change into a number of smaller
changes.

The program allows the user to evaluate a chemical system parametrically from

flameout to equilibrium with any desired pressure, temperature or enthalpy, feed
composition, and reactor residence time via the mass flow rate per unit volume, The
sensitivity of the chemical system to individual reaction rate constants and feed composition
can also be evaluated for prescribed pressure, temperature or enthalpy, and residence time.

10.

11.
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TABLE |

HYDROGEN/AIR REACTION SET

Hy +0=H + OH
H, + OH=H + H,0
O, +H=0 + OH

H,O0 + O = OH + OH

H+H+M=H, + M
O+0+M=0, +M
H+O+M=0H+M

H+OH+M=H,0+M

f =225 x 1012 ¢3900/T
f =220 x 1014 e5138/T
f=1.90 x 1014 ¢9007/T
f =830 x 1013 2108/T
f =50 x 1018 T-1.15

f =47 x 1015 T-28

f =53 x 1015 gl400/T

f=12 x 1017 ¢252/T

Reaction scheme and rate data taken from Ref. 12
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TABLE 11

METHANE/AIR REACTION SET
CHy + O = CH3; + OH = 1.7 x 1013 e4380/T
CH; + H = CH; + Hy f=63 x 1013 6350/T
CH; + OH = CH; + H,0 f=28 x 1013 e2500/T
CH; + O, = CHO + H,0 f= 1011
CHO + OH = CO + H,0 = 5.0 x 1013
CO+ OH = CO, + H f=31 x 1011 ¢300/T
O+H, =OH+H f=30 x 1013 ¢4760/T
H+ 0, =0H+O f =224 x 1014 844/T
O + H,0 = OH + OH f =844 x 1013 9470/T
H, + OH = H + H;0 f= 219 x 1013 ¢2590/T
H+OH+M=H0+M f=20 x 1019 T
CHO+ M=H+CO+M b= 10 x 1013 e14,400/T
CHy + M=CH; +H+ M b= 15 x 1019 ¢50,300/T
N, + O = NO + NO = 136 x 1014 37.,750/T

Reaction scheme and rate data from Ref. 19 except for the last
reaction whose rate constant is taken from Ref. 16 for the
reaction O + N = NO + NO. '
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TABLE Il
SENSITIVITY COEFFICIENTS FOR THE METHANE/AIR SYSTEM

:j(am/af ) °K

ER |wyv| T [3-=1] 3 4 5 6 7 8 9 10 11 12 13 14
0.4 1.0 [2100| 2.5] 2.3 4.2| -5.7 10.3] 13.0] 2.2 2.3] 2.5 | 2.2| 9.9 | -5.6] 18.9| -1.8
1900 1.0] o.8{ 2.8| -3.4 8.2|15.9] o0.8] o.8] 1.1| o0.7| 5.6 | -6.5| 12.7| -0.5

1700| 0.5 o+« | 3.2| o.d s.2|21.3] o 0 0.8| o 2.2 | -4.7] 5.9 0

1500 o0.7] o 5.8| 9.2 -2.0] 36.0] o0 1.4] 2.2] o 0 2.2| -3.6 0
4.0 |2100] 1.2] 1.1| e.4| 15.d s.8| 34.8] 0.8 1.0 1.7]| o0.7| 1.8 | -6.7] 17.4| -0.6

1900 0.7 o.6{ 7.6 21.4 5.1| 44.7| o 1.2| 2.0| o 0.6 | -4.4| 6.6 0

1700{ 2.0| 0.7} 12.0 34.j —4.4| 65.5| 0.7 3.6| 4.9 o 0 5.1 -9.7 0
1500| 10.6| 8.7| 36.2 |103.1 -64.4{170.6] 12.6] 36.7| 36.0| 9.7| 5.4 | 70.0| -68.0| -s.8

16.0 [2100| 1.8/ 1.3] 16.0| s1.1] 3.3| 58.9| 0.7] 2.9| 4.4| o 0 -1.9| 1.3 0

1800| 2.4| 1.7 22.4 | 94.d -s8.2| 73.5| 1.0 7.8] 8.9 | 1.0| o.5 8.8| -18.2 0
1700] 7.1] 5.4| 45.3 | 149.d —45.3|101.3] 10.5| 30.3| 28.7 | 11.6| 8.8 | 52.0| -57.8] -1.2
1500| 112.7/111.1|312.0 | 618.9-244.4 |266.8|202.9| 351.1[250.7 | 221.7 | 208.0 | 471.3|-232.7| -12.2

.1 g% < lo.s|
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APPENDIX Il
COMPUTER PROGRAM LISTING AND SAMPLE OUTPUT
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MAIN PRUGRAM STIRRED REACTOR THEORY 1[.T.O0SGERBY
REAL MDOTV

DIMENSION A (240)

DIMENSION X0(202,X(20),W(20),B8020),B80¢20),HM(20),Y(20),DCP(20),BD
«(20),CPM(20),Y0(20) '
COMMIN /SECOND/NN,N»N1,NR,NT,1TsM,L,N2,KGUNT,NT1
COMMIN/RGAS/RG,RR

COMMIN /EQL/F(20),DF(20).°
COMMIN/F IF TH/NNT

COMMON/RRCON/ ICR,NRZ2,NRS,NR4

IT=1 TEMPERATURE CONSTANT

IC3=80

K=0

JJ=2¢

CONTINUE

READ(29,3) P,T,T0,DELT, IMIN
IF(P.EQ.0.0) GO TO 101

READ(29,2) HDUTY:DHPV:N!DNDLTDHI:lT:NRp NN,NNT
REAU(29,1)(X0C1),1=1,NT)
READV(29,1)(X(1),121,NT1)
READ(29,1)(W(1),I=1,NT)

COMPUTE SPLLUIES

N1=N+1

N2=N+2

NT1=NT+1

NX=N

MY=N+]1

RR=1.98/26

RG=82.0567

TT=T7

XX = 0.0

YY¥=0.0

NORMALISE INPUTS

00 9 I=1,NT

XX=XX+X(1)

YY=YY+X0(])

DO 10 [=1,NT

X(I)=XC(1)/xX

X0C¢1X=X0(C1)/YY

HO=U.0

YY=U-0

W0=U.0

HN:O-U

DO 4 [=1,NT

CALUULATE HMOLEC. WT.
WOsSWO+XUCT)®NC T

HE=WR+X(I)aW(])

CONTINUE

CALL HBS (TO,NT,HM,UPM,UCP,K)
CALFULATE FtED VALUES OF SPEClys AND ENTHALPY
DO SU [=1,NT

BO(1)=X0CI)/HO

HO=HO+HM (I )®g0(1)

CONT INUE

CALCULATE FEED UENSITY
RO=P*W]}/(82.056/%T0)
WRITE (21,35%) TO0,HO
MRITE (21,102)

IF (1T-1) 24,29,28
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28 RRITE (21,31)
GO 19 14
29 WRITE (21,32)
c JEFINE MASS FLOW RATE 7 UNIT VOLUME
14 00 12 L=1,LT
It (.c0.1) GO TO 19
T=TT
MDITV=4DATVEUMDY
13 DO 11 I=1,N]

c CALCULATE INITIAL REACTOR SPECIES
11 S =XC1) /WK
c SET TEMPZRATURE ESTIMATE

DO 1> 4v=1,MT
Ir(M.E2.1) GO TO 18
T=T=UELT
It C(CT-TMIN) LT DELT) M=MT
18 CA_L 835 (T,NT,HM,CPM,UCP,K)
C CHECK FYR NON-CONVERGED SOLUTIOGN OR BLOW OUT
IF (KOQUNT.EQ.60) GO TO 22
DO 21 J=N1,N2
YO(JI=3(J)/780(D)
Ib (ABS(Y0(J)=1.0)-5.0E=3)22,22,23
21 CONTINUE
22 U0 1% [=1,NT
16 3(1)=X{1)/wH
C ESTIMATE REACTOR DENSITY AND RESIDENCE TIME
23 R=® /7(82.09672T)8uWN
TAJSI/MDOTY
CA_L 1IMER (TT1)
CA.L CIMP (B,80,P»T+R, Y, H,HO,CP,TAU, WWN,XX,8D,A,NX,MY)
CA_L FIMZR (TT2)
TIME=TTZ-TT1
ARIT=(21,34) TIME
ARITE(21,33) NoNT,11,NRoKOUNT HoL NX, MY»MT,LT
ARIT= (21,38%) (BUD),B0C1),8DCI),YCI),XC1),X0C]1),021,NT)
AR112€21,7) P,TRIRUsWWsWO,H,HO,CP
WRINTE(22,17) TAU,MDOTYV
Jr=iT
Ir (NN) 43,15,4
43 CA_L RTHEK( TIEDBUDPIRIY'H'HolanIAUDHHDBD"DNxCHYIHDOT!DxOI“ODH’
1T=47
15 CONTINJE
12 “ONTINJE
a0 19 10)
1 FOIMAT(6c12.0)
¢ FOIMAT(Z2-10.0,815)
S FUIMAT(5-10.0)
7 FOIMAT(y=12.4)
17 FUIMAT(2c12.47/7)
31 FOIMAYT (1HO,3X,19H ENTHALPY CONSTANT)

82 FOIMAT (1HO,»3X,22H TEMPERATURE CONSTANT)
33 FOIMAT(1115)
34 FOIMAT (1E12.4)
39 FUIMAT (3X,2€12.96)
39 FUIMAT (3X,6c12.4)
202 FOIMAT (1H1,3X,47H ADIABATIC MWELL-STIRRED REACTOR CALCULATIONS)
101 STIP
ENO
0000 ERRIRS. COMPILATION CUMPLETE.

34



77

15

17

AEDC-TR-72-164

SU3RIUTINE COMP(HY,BU,P, I,R,Y,H,H0,CP, TAU, WKW, XX,BD,D,NX,MY}
DIMENSION B{(20),30020),D(NX,MY)»A(20,20),C(20),DBDB(20,20),0BDT(20
.), D3DR(20), 8D(20),HM(20),CPM(20),UCPT(20),DP(20),Y(20),Y0{20
+),Y8(29)

COMMIN /SECOND/NN,N,N1>NR,NT,IT,10UM(S),KOUNT,MDUM(1)
COMMIN/RGAS/RG,RR

CA_L H31(aA,C,Bu)

KUNI=1

Icr=e

dE.T.=0.1

DU 6 K<=1,60

KQJUNT =KK

CA_UCULATE PARTiAL DERIVATIVES

Ca_lL B834(8,T,R,D6DB,DBDT,DBDR,BL)

CA_CULATE MATRIX Cott .

DO 1 J=1,N

DO 1 I=1.,N

ZH=0-0

DO 2 L=N1,NT

ZU=£8+ (UBDB(J,L)-DBUR(J) sReWH=-BD(J)2UNW)®A(],L)
CONTINUE

DCJ,[)=-TAU=(DBDB(J, 1)-UBDR(J)=2RaWW-BD(J)nWW+28)
CONTINJE

DU 4 I=1,N

DCI,1)=1.0+D(1,1)

JCI,4Y)=80C1)-B(1)+TAUsHD(])

SO.VE MATRIX

CALL CHOLES (D,NX,MY, 1)

IF{NX) 12,13,13

WRITE(21,14)

FOIMAT(1H,3X,15HSINGULAR MATRIX)

NX=N

GO T3 100

DO 16 J=1,N

Y0(J)=3CJ)

YS{J)=D(J,MY)

TEST FOR CORRECTIONS TOO LARGE

ZPX=0.0

DO 777 J=1,N

ZPP=ABS(YS(J)/Y0(J))

IF (£PP.GT.2PX) ZPX=4£PP

CONTINUE

P=0.37/2PX

I[F(¢2.6T.1.0) ZP=1.0

CORECT SPECIES CONUENTHATIONS

DO 15 J=1,N

Y(JI=YO(J)+YS(J)#2P

DB 17 I=1,N

Bel)=y(I)

YCI)=(3C1)-B0(I))}/C(TAUs BD(I))-1.0

DO 10 J=N1,NT

YO(J)Y=3(J)

B(JY=C(J}

BD(J)=0.0

Y(J)=0.0
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667
37
33
39

40
10

18

23

55
57

56
v4

59

56
61

6y

49

o

JJd=J-1

Do Y I=1.J4J
BU(J)I=30(J)+a(L,J)eBL(])
B(J)=BE(J)*A(]l,J)®H(])

It (SU(I).EQ.0.0) GO TO 667
YOS -BOCI)) /7 1AU»ED(J))-1.0
CONT INJE

IF (30(J)) o/,38b,37
Y0{J)=3(J)/80(I)

GO 13 3v%

Y0(J)=1l.d

It (3(J)) 40,10,1U
B(J)=1.0==-10

CONTINUE

WKW=(.0

Y 18 I=1,NI

WH=kW+3(])

AW=1.0/wWA

RU_U=R

R=Peun/(RG=T)
TAYU=TAJs/ROLD

ITSRATION CONTROL

JO 32 JsNLI,NT

IF (ABS(YO(J)-1.0)-1.0E-4)32,352,7
CBNTINJE

GO T3 20

“’ (éP-l.ﬂ) 49.50550

l' (l"l’ 92."09-52

CALL d3S(T,NT,HM,CPM,UCPT,KUNT)
H=0.0

CP=U.0

DO 55 [=1,NI
H=4+HM(1)#3(1])
SP=U3+CPM(1)#B( 1)
TEMPeRaTURE CONTROL

I+ CICT=-0) =4,55,54
Je_I=(40-H)/CP

It (DELT=DELTL) Y6,56,57
T=T+UELT20.%3

GY IS 54

T=T+UeLTa(. 38

1CT=1

ICT=ICT=-1

Pe_T_=ukLT

It (T=2080,0) 50,58,59
T=5600.0

o8 3 su

It (T=-300.0) 61,60,60
T=300.3

TEMP AITHIN 1 DEG K

It CAHS{HO-H)~-CP) 49,49,8
CHz=LK 2.S.,R. EQUATION

DY ¥ 1=1,N

IF ¢ ABSCY(D) )=%.Lk=3) B,8,06
CONTINJE
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GO TO 20

CONTINUE

IFC(KOUNT.EQ.60) WRITE(21,99)
XX=0.0

H=0.0

CP=zU.0

CALL BB3(T,NT,HM,CPM,DCPT,KUNT)
DO $ I=1,NT

XXz XX+B([)anWKW

H=H+HM(1)=B(])
CP=CP+CPM(])#B(1])

RETURN

FORMAT(27H NO CONVERGENCE IN 60 STEPS)
END

0000 ERRORS. COMPILATION COMPLETE.

99
98

SU3ROUTINE 881 (A,C,B)
DIMENSION A(20,20),8¢20),C(20)
DIMENSION NS(20,5),58C(20,5),J(5)
COMMON/SECOND/NN,N,N1,NR,NT, IDUM(6)
DATA KTP/0/
IF (KTP) 3,3,4
NL=NT=-N
READ (29,98) (J(1),1=1.NL)
D6 1 I=1.NL
JJI=JdiI)
READ (29,99) ( NS(K.,1),SC(K,I1) ,K=1,JJ)
WRITE(21,999)( NS(K:I)-§C(K-I? 'K=1,JJ)
FOIMAT (5(110,E12.4))
Do 6 1=1,20
C(I)=0.
DB 6 K=1,20
ACl,K)=0.
DO 5 I=1,NL
[I=N+I
Ccll)=0.
JJ=Jtl)
DO 2 K=1,JJ
L=NS(K, 1)
C(II)=C(II)+B(L)*SC(K,]I)
A(L,11)=-SC(K, 1)
ACIL,119=0.0
CONTINUE
FOIMAT ¢ 8(IS5, F5.0))
FOIMAT (515)
KT2=1
RETURN
END

0000 £RRORS. COMPILATION COMPLETE.
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SUSRIUTINE BB3(T,NT,HMI,CPM],DCPTM],K)
DIMENSION HMI(1),CPMI(1),DCPTMI(1)
DIVENSION COE(14),C(14,20)
DIYMENSION CC(6),TT(D)
COMMON /EQL/F (20),DF (20)
RG=1.98/26
TT_N = ALOG(T)
TLN = 1.-TTLN
It (K) 4,7,4
7 WRITE (21,103)
103 FOIMAT (1HL,3X,34H |HERMO DATA CHECK DATA AT TO)
REAU (29,70)C(C{1,KK),[=1,14),KK=1,NT)
/0 FOIMAT(/E11.0)
4 Te=T
IF (TE-300.)10,20,2U
10 WRITE(21,80) T
80 FOAMAT (54H0 TEMPERATURE IS OUT OF RANGE OF CURVE FIT TABLES, T =,
11Pe12.5)
CA_L EXIT
20 It (TE-1J00.)30,40,40
$0 KL=0
8o TI 60
40 I+ (TE->000.) 50,50,10
50 KL=/
60 CONTINUE
TT(1)=7
00 1 M=2,4
1 TT(M)= TT(M=1)eT
TT(®)=1./7
DO 100 KK=1,NT
20 5 J=1,14
5 COz(J)=L(J,KK)
CC(1)= COE(KL+1l)
DO 3§ J=2,6
KKK=(KL+J)
3 CLGJ)= COE(KKK)®*TT(J=-1)
H= CC{1)+.5aCL(2)+CC(3)/3.+.2>8CC(4)+.,28CC(5)+CC(H)
FX =(SC(1)8TLN )=.5¢0C(2)={CU(S)+.5>8CC(4))/6.-.052CC(5)+CC(6)~
#CO=(KL+/)
cP = (CC(1)+CC(2)+CC(3)+LC(4)+CC(5))
DC2=CC(2)+2.#CC(3)+5.0CL(4)+4.8CC(5)
c SPECIES ENTHALPY
HMI(AK)=HeRG=T
c SPECIES HEAT CAPACIFY
CPMI(KL)=CP#*RG
c SPECIES HEAT CAPACITY DERIVATIVE
DC2TMI(KK)=UCP#RG/T
c SPECIES FREE ENERGY
F(KK)="X
c SPELCIES FREE ENERGY DERIVATIVE
D (KK)==H/T
IF(K.E3.0) WRITE (21,71) HMI(KK),CPMI(KK),F(KK),DF (KK)
/71 FOIMAT (1HO,1P4EL15.9/)
100 CONTINUE
K=1
RETUSRN
END
0UOO0 ERRIRS. COMPILATION COMPLETE.
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27

97
47

49
68

69

2L
22

54521
123545

SUIRBUTINE CHOLES(A,N,M,MATSYM)
DIMENSION A(N,M)

It (ACL,1).NE.O0.0) GO TO 47
DO 87 J=2,N

I+ CACU,1).EQ.0.0) GO TO &7
I+.(P=)

GO 13 2/

CONTINUE

GO TJ 54321

DO b/ X=1,M
TEVMP=A(IFLIP,K)
ACIFL]I2,X)=A(1.K)
A(1l.K)=T=MP

CONTINJE

08 2 J=2.M
A(L,J)=A(1,J)/A01,1)
CONTINJE

00 & [=2,N

D /7 J=2.,M
[IF(MATSYY1.EQ.0)GO TO 49
Ib{I-J)OP,H6C,867
IH(J.GT.})GO TO 69
K=J=-1

SU¥=0.0

Ja $ I13=1i,K
SUM=SUM+ACT,IR)®ACIR, J)
CONTINYE
At{l.J)=A(1,J)-S5UM

80 13 7

£=1-1

Sum=0.0

00 & [R#i,K
SUMSSUM+A(I,IRI®A([R,J)
CONTIN JjE
IFCACL,]1).EG.0.0) GO TO 54321
ACL,dY=(A(],J)-SUM)/AC(],])
Ga 193 7
ACl,J)=A00,1)2A0J,J)
CONTINJE

<UNTINJE

DO b2 £=2,N

[=i+i-X

Syv=Uu.0

LL=l+1

U 21 [R=LL,N
SUMSSUM+AC(L,IR)®A(IH,M)
cCONIINIE
ACl,M)=A(],M)-SUM
CONTINUE

GY 13 12345

N=-1

RETURN

END

0U0D ERRINS. _OMPILATION COMPLETE.
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Qo

SU3RIUTINE Bus4 (B,T,R,D8D8,DBDT,DBDR,BD)
DIvENSION DBDB(20,2u),HU(20),UBUT(20),DBDR(20),B(20)
COMMIN/ScCOND/NN,N,NL,NR,NT, IT,1DUM(3) ,KOUNT,NT1
COMMON/RATE/TT,FF(8U),B8(80).UFF (B0),DBUH(BOD)
DIMENSION 0(50.18).11(89.7).ER(UU.7).KS(80.7).lhtao).IC(BO)
COMMIN /RRATE/A(BO),EX(BO),TEX(80),KK(80,4),1TR(80),1TP{8B0),
*IB(RY)
UATA K070/
I+ (<RD) 1,1,2
NT1 TEMP
NT2 JENSITY
NT3 X
1 NT1=NT+1
NT2=NT+2
NI3=NT+$
KRO=1
g{NI1)=1.
READ (29,99) NR
DO 10 IR=1,NR
WRITE (21,97) IR
READ €(29,99) ITRCIR)ITP(IR)»(KKC(IR,I1),1=1,4),ACIR),EX(IR),
#TEXCIR), IECIR),LICCIR), IB(IR)
WRITE (21,999) (KKCIR,I1),I=1,4),ACIR),EXCIR),TEXC(IR),1ECIR),
#1CCIR),IH(IRY
999 FUIMAT (4110,3E14.6,415)
12 IF (lECIR)) 11.,311.14
14 L=IE(1)
READ (29,96) (I1C(IR,I),ERCIR,1),131,L)
WRIle (24,997 C(I1CIR,I),L,ER(IR,1),I=1,L)
997 FOIMAT (3(I10,E1Z2.4))
11 D0 15 [=1,4
16 KS(I, [)=KK(IR,1)
It ¢(ICCIR)) 10,10,1/
17 M=]JLC(IR)
REAY (29,97) (KS(IR,1),1=1,M)
WRIT2 (21,97 ) (KSCIR,I),1=1,M)
U CONTINJE
2 CONTINUE
TT=T
84Szl
DU 18 I=1,NT
18 BS=BS+3(l)
It (KOUNT.GT.1.AND.IT.EQ.1) GO TO 888
CA_L RATES
588 CONTINJe
DO 100 IR=1,NR
20 19 [=1,NT
19 DCIR,I)=).
K1=KK(IR,1)
K2=K<(IR,2)
KS=KX(IR,3)
X4=KX (IR, 4)
I[¥ CITO(IR)-ITRCIR)) 3U,20,2V
20 IF (ITR(IR)-1) 6U,00,21
EVALJATE THIRD BODY EFFICIENCIES

| =]
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63
61

64
66

67
65

21

du

31

35
311

32
34
33
36

100

CONFINJE

3SJM=H3

If (IECIR)) b1.61,0¢

AzlE([)

ne 635 J=1,K

JJJd=11cin, 2)
HSJIM=8SUM+ER( I, JIB(JIJJ)
D1sbF(IRI=8(K1)

DZ==dH(1R)eB(KY)
DOIR,K1)=FF(IR)®#BSUM
DCIR,K3)=-BH([R)*d5UM

DO 64 J=1l,NI

DCIR, I=N(CIR,J)+D1+02

It (IECIR)) ©5,65.,608

De &7 J=1,

JJdd=i11c0ir, 0
JUIRVIJII=ZDUIR,JJJ)+ (D1+D2)eER( IR, J)
DOIRSNT1)=2(U1+D2)2BSUM
DOIR,NT2)=(UFF(IR)=uU1+DBB(IR)#D2)=BSUM
DCIRSNTS)=JCIR,NT1)

58 T3 180

EVALJATE TYPE A+B=LeD

CONT INJE

JCIRK1)=FFC([R)®B(KZ)
0i=U(][,K1)#p(K1)
D{IRK2)=FFUIR)®#B(X1)+D(IR,K2)
U(IR,K3)= -o3([H)sB(K4)
D2=D(]13,KJ)2B(KS)

DCIR,K4)= -BB({IR)#3(KS)*D(IR.K4)
J(IR,NT1)=D1+D2
DCIRNT2)=D1=DFF(IR)+V22DBE{ IR)
DCIRSNTS)=DCIR.NT1)

30 13 100

cVALJATE TYPE A+A+MzA2+M
3§JUM=4S

It (TeCid)) 311,311,931

K=Ike(IR)

vl $2 J=1,K

LL=I3C(IR,.J)
dSJM=HSUM+ER(IR,J)sB(LL)

Ol=tr (IR)#B(K1)#B(K2)#R
J2=-38(I[R)=d(KI)

JOIRSKLI=ZFFCUJR) #b(K2)2#35UMaR
DCIRLK2)=FFUIR)*B(K1)eBSUMsR +D(IR,K2)
D(IR,K3)==-BH(]R)=BSUM

20 32 J=1,NT
JOIR,DI=D(IR,JI+DLI+D2

It CIECIR)) 36.36.34

Dg 33 J=1,K

LL={1(IR,J)
DCIRSLL)=DCIR,LL)+(U1+D2)=ER(IR,J}
DCIR,NT1)=(D1+D2)=BSUMN
DCIRSNTZ2)=(U1sDFF(IR)}+D22DBB(LR) }»8SUM
DCIR'NTS)=(2.8D1+D2)2BSUM
CoNTINUE
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40

1

o2
20

/1

/2
y9
98
97

CA_LCULATE PARTIAL DERIVATIVES
DO 40 J=1,NT3

DO 40 I=1,N

pBDB(I,J4)=0.,

DO 50 IR=1,NR

K=1TR(IR)

L=IT3(IR)+K

M=K+1

DO 50 J=1,NT3

pe »1 I=1,K

LL=KS(IR, I)
DBDBLLL,J)=DBDB(LL,J)=D(]IR,J}
DO »2 I=M,L

LL=KSCIR, 1)
DBDB(LL,J)=DBDB(LL,J)*D(IR,J)
CONTINUE

DO 72 K=1,N

DO /1 J=1,NT

DBDB(K, J)=DBDB(K,J)#R
BD(K)=DBUB{K,NT1) =R
OBDT(K)Y=DBDB(K,NT2) =R
DBDR(K)=DBDB(K,NT3)}

CONTINUE

FORMAT (615,3E10.0,515)
FOIMAT (5(15,E10.0))

FOIMAT (101%)

RETURN

END

0000 ERRIRS. COMPILATION COMPLETE.
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SU3RIUTINE RATES
COMMIN/RATE/ T,HR(BU),BR(B0),UFR(80),DBR(80)
COMMIN/RGAS/RR,R
COMMIN /EQL/F (20),DF (20)
COMMIN /RRATEZA(B0), E(B0),TEX(80),KK(BO0,4), [TR(B0),ITP(80O),
+1B(80)
SOMMON/SECOND/NNs N, N1,NR,NT, IDUM(5),NT1
COMMIN/RICON/ICR,NRZ. NRS, NR4
RT=1./T
RTT= RT/T
RRT=1./(]R=*T)
DRRT==1./T
FI(NT1})=0.
DF-{(NT1)=0,
IF (NN) 6,7,6
6 A(ICR)=1.001#ACICR)
7 DO 100 IR=1,NR
DB(IR)Y=0,
BRA(IR)=0.
DFR(IR)Y=3.
FROIRY=A (IR)
I¥ (E(IR)) 1,2,1
FR(IQ)=FR(!R)§EXP('E(IR)'RT)
DFIC(IRI=ECIR)#RTT
[F (TEX{IR)) 3,4,3
FROIRY=FRCIR)=ToeTEX{IR)
DFRCOIR)=DFREIRI+TEX(IR)/T
IF (IBCIR)) 5,100,5
K=XK{IR,1)
L=KK(IR,2)
JKK(IR,3)
[=KK(IR,4)
EQ=t{I)+F(J)-F(K)-F(L)
IF (EQ+70.) 100,9,9
9 DEA=DFCL)+DF(J)-DF(K)=DF (L)
EQ=tXP(EQ)
IF (IBCIR)) 11,100,10
10 BR{UII)=FR(IR)I=EQ
DBR(IR)Y=DFR(IR)+DED
IF (ITP{IR)-JTR(IR)) 8.100,100
8 BR(IR)=8R(IR)&RRT
DBRAIR)Y=DBREIR)+DRRT
GO 19 40
11 B=FR(IR)/(EQ=RRT)
DB=UFRCIR)-DEQ-DRRT
BR{1R)=FR(IR}
DBR(IR)=DFR(IR)
DFRC(IR)=DB
FR(IR)=8B
100 CONTINUJE
It (NN) 12,13.12
12 ACICRY=A(ICR)/1.001
13 RETURN
END
00090 FRRJRS. COMPILATION COMPLETE.

i [Z N, V] [
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SUBROUTINE RCHEK (TT,H8,H0,P,RsY,H,HO,CP,TAU,NN, 8U,A,NX,MY,MDOTY
#,X0,W0,N)
REAL MDOTYV
DIMENSION A (240)
DIMENSION X2(20), w(20),B¢20).,B0(20),HM(20),Y(20),DCP(20),68D
#(20),CoM¢20),Y0(20),DLEF(80),8SAV(20),20(20),D0¢(20)
COMMIN /SECOND/NNsNsN1,NR,NT,1T,MsL»N2,KOUNT,NT1
COMMIN/F IFTH/NNT
COMMIN/RGAS/RG,RR
COMMON/RRCON/ICR,NRZ,NRS,NR4
K=1
NR4=NR+1
DO 206 I=1,NT1
20¢1)=X0(1)
DOCL)=30(])
20 CONTINUE
20(NT1)=20(> )
DO 98 IMR=1,NNT
CALL TIMER (TT1)
IF CIMR=-1) 1,2,1
c INCREASE SPECIES NN
1 Z0(NN)=ZI(NN)+U.005«20(NT1}
ATv=0,.0
DO 3 I=1,NT
20C1)=20¢1)/(1.0+20{NN))
WTMz=NTM+Z20(1)8H(])

3 CONTINUE
DO 4 [=1,NT
DOCE)=20(1)/uTM
4 CONTINUE
2 T=TT
CALL 933 (T,NT,HM,CPM,UCP,K)
IT=1

R=P/(82.0567«T) ek
TAU=/MUOTV
[CR=80
c CALCJULATE FEED ENTHALPY
CALL CINP (B,D0,P+TsRsYsH,HOLCP,TAU,HW, XX,3D,A,NX,NY)
IV (KOUNT.EQ.60) GO 1O 39
DO 19 I=1,NT
8SAVII)=8(])
19 CONTINUE
I71=2
HO=H
C CALCULATE SENSITIVl!Y CUEF. FOR EACH REACT]ION
DO 5 [ICR=1,NR4
IF (KOUNT.EQ.50) GO TO &
00 7 J=N1,N2
YO(JI=B(J)Y/Uu( )
IF (ABS(YO(J)=-1.0)->.0E-3) 7,/7.,8
CONTINUE
DO 9 I=4,NT
BC(I)=BSAvY(])
R=? /(82.0567»T)eNWW
TAU=R/MDATY

VO
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4y

Sy

28

29
38

16

CALL C3MP (6,D0,P,T,R,YsH,HO.CP, TAU, WH,XX,BD,A,NX,MY)

DLETCJCR)=T

IF (XOUNT.EQ.60) GO TO 39

DO 40 [=2i,NT

3SAV(])=93(])

CONTINJE

CONTINJE

CONTINJE

CA_L TIMER (TT2)

TIME=TTZ-TT1

I+ (IT7T-1) 2%,29,23

ARITe (21,31)

50 T3 33

ARITE (21,32)

WRITE(21,11) TIME

D0 16 ICR=1,NR4
JL=TCICR)=(ULET{ICR)=DLET(NR4))#1000.0
SENSITIVITY COEF.IS DLEI

ARITE(21,12) (DLETC(ICR),ICR=1,NR4)
WRITE(21,13) N.NT,IT,NR,KOUNT.MoL,NX,MY, IMR
WRITE (21,14) (B(1).,D0C1).BDC1).,Y(1),]1=2,NT)
ARITE(21,12)P s TR RU, HH,WTM,H, HO,CP
ARITE(21,15) TAU,MDOTYV

CONTINJE

RETURIN

FOIMAT (LHOD,SX,19H ENTHALPY CONSTANT)
FOIMAT (1E12.4/) .

FORMAT(9312.4)

FOIMAT(9IS)

FOIMAT (3X,4E14.6)

FORMAT(2=12.4//7)

FOIMAT (1HO,3X,1%H ENTHALPY CONSTANT)
FOIMAT (1HO,35X,22H 1EMPERATURE CONSTANT)
tNJ

0000 ERRIRS. COMPILATION COMPLETE.
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| L
(&
oH

DATA CARIN

Initial Conditions

P

1847301

MDOTYV
+1UN0e01

X

«2ul33070+00
«10030030+30
«1J0307000
<U030029U+00
+1%80000-02
«N0CA2010400
499003300400
42002000000
290603000400
+20090900+30
+90207990+00
151520290-02

»19434700-01

r ro DELE
.2130608 3000033  .2000+33

DMDV NT
2500400 33

-260§‘91300'M
«111¥0000-03
«27753000-03
«S2960000-02
«41100000~03
+184000000-04
«10280000-96
«18740000-03
.17220000-03
+15850000-02
4574000004
. 5480000002

+20540000-01

THzR¥0 JATA  Coefficients .

«25000UUYe0L
Wyl

«30215874,01

. 2267441

. 86254708401

2203949544001 _

Hz0
CHy
CHy
CHO
co
NO
co,
Hy
Oz
N2

« 41365016407
026707532401
424976 740u1
111793744401
« 33993032401
28927652401

«00D0UVOULO
.00000090¢00
=.21737250-u2

-.111687250-02

+99033061-03 -

- 17244300-02

«3031712Q-p2 -

=,69126000-02

«1U9505%90=01 -

4207855002

.62504500-02 -

«39647056401 =.55708600p-03

232708241401

«55195800-02 -

«3/871532401  =+21709500-u2

+29511519 02

»155235270-02 -

+41469476¢01 =,41197230-u2

.31529460401
.21701000+01
144129966401
228463549401
230535897401

.14059953-p2 -
.10378120-01 -
»33922%00~02 . -
«41932120-02 -
.61187110-03 -

«37189946401 =.25167290-02

032975129491
«3691514R4p1
20245761403

«78145603-03 -

=.13332800~02

+15976320-02 -

1862219004 -

v
wiI)
+10000000+01
«16300V00+02
+17308000402
«18316000402
+16042000002
«150340U0402
229015000+ 02
+2¥$010000+02
+30008000-02
+44010000402
»20160000+01
»32000000-02
+28016000402

+00000000+L0
+00000000.00
1375422)3-u5
+00017920-¢8

FMIN
«5000eU8

+00000090+00
.00000030+00
=.29947200-08
25964362011

»12466819-03 =.21935990-09

+21879900=-06

«198027R80-10

+569082320-05 =.45930000-08

«853516p0~06

+1179085%0=-09

«31602130-04  ~.29715400-07

+40622100-05

«71370430-09

129332680-ué =.11548300-08

.22891500-0%

+38y93190-00

169034500-03 -,664506)0-00

+13772900-43

.24731420-09

15975734905 -.3473779p-0%

+61911400-06

.11350500-09

«969224567-0% . 70633040-08

+57978460-06
+10733900-04
+12978200"05
+96119300-05

«10028210-09
.654591080-08
«24247400" 49
«95122660-08

+75993500-08 -,20331900-10
+358373853-05 ~.62998720-08

«22336620-06

«42490150-10

«265038100-0% -.97608490=0%9

162566200-96

«11315850-09

N LT MT II' NR NN NNT
1 1 1 14

+0000003001
260000030403
«9027755%0-12
-.55743600-15
~.22546500-13
=.30452900-15
+14233650-11
=,61973600-14
+95103500-11
=:47490000-13
«41200400-12
=.29276000-13
2057700011
=.16727000-13
+77216800-12
=.77883000-14
.22309510-11
-.74720800-14
-.16281000-11
=.10743000"15
-.35093400-11
«24593790-14
27082180-11
=+ 43460200-14
-.99772200-13
-.76897100-14

«2547049740%
.25470497405
«29137190,05
29230007405
3585278704
.38011792.04
-.3020M800+0%
=+2960100040%
=.10106632405
=. 955560627404
.156497935.05
«15787492+05
=2779%9935.04
=.27020147.,04
-.14363%00.05
=:1423102740%
97447894404
-90322040.04
©.40835260240%
-.48944043540%
=.96725400403
=.05491000¢03
=.10576700404
=.11927910¢04
=.10628300+04
=,09017445408

=.46001096.03 1000< T< 5000

«4600:0°6+0, 300€T<1000

264613076401
AP4679-2.01
«302530:9+00
+555970,6+01
«686i0210400
68834378401
91754914041
»125059J4.02
127037408401
,560411 /0401
«40971057,01
273044222401
+26335459,01
05314450401
« 25694290401
+69444805,01
+10664358402
72875709404
«1411785%0401
«1648,559.01
3900174401
«37692629.0]
22874910401
«659020 ‘9.01

$91-CL-H1-003V



H
o)
OH
Hq0
CH,
CHy
CHO
co

NO

THERM8 DATA CHECK , DATA AT To

b.21uoghu4
9.95663+04
9.32571+03
=5.77831+04
-1.78732+04
3.35080+04
-3.15905+03
-2.64028+04

2.16132+04

. =9.40354+04

1.27436+01

1.29930+01

1.28851+01

Cp
4.96885¢00

5.234/74400
7.14221+00
8.02760+00
8.53504+00
9.28114+00
8.27126+00
6.96560+00
7.13246+00
8.89425+00
6.89381+00
7.02368+00

6.96133+00

TO HO
.500000+03 -.311001+02

47

R/RT
7.36022+01

8.05398+01
-6.46677+00
-1.19645+02
-5.24020+01

3.28309+01
-3.23501+01
-6.80687+01

1.08962+01
=1.83457+02
-1,57046+01
-2.46606401

=2.30323+01

AEDC-TR-72-164

hy/RT2
=2.91339-01

=3.33046=01
~5,21416=02
3,23075-01
9.99323-02
-1,87349-01
1.77187-02
1.,47623-01
=1,20843-01
5.25768-01
=7.12515-05
-7.26461-05

-7.,20428-05



8y

L]
o w -» - N e

BB1 DATA CARDS

5 7 8 e

5 +1000°01 [ +1000+01 7
11 +100001 4 41000401 5
3 +500000 7 .5000+00
12 +1000+01 10 +1000+01 7
¢ «5000400 8 +5000+00 9
13 +1000+0) [} +5000+00

BB4 DATA CARDS
KK(IR,.I) A(IR)

H 2 6 3 «170000+14
H 1 6 1t 63007024
5 3 . 4 .200000+14
6 12 7 4 +100000+12
? 3 8 4 +500000+14
3 8 10 1 2310000412
11 2 3 1 + 300000014
12 1 2 3 +224000+15
4 2 3 3 «044000414
11 3 1 4 «219000+14
3 1 4 14 «200000+20
1 L] 7 14 +200000+14
1 6 s 14 +150000+20
12 13 9 L «136030+15

«100U*01
«2000+01

«5000+00
«5000+00

EX(IR)
+ 438000404
1635000404
+250000+04
+300000+00
+200000+00
«300000+03
+476000+04
«844000404
«947000+04
+259000+04
«300U00+00
2144000405
«503000+05
+ 377500405

[ ] +1000+01
6 «1500+01

e +5000+00

TEX(IR)
+000000+00
-009000+00
+000000+00
+000000+00
«000000+00
-000000+00
»000000+00
»000000+00
+000000+00
»000000+00

-+100000+01
-500000+00
+000000+00
+000000+00

1

L R S

o e e

-1
-1

0
1

3

IE(IR) [C(IR) IB(IR)

«10J0+01
«5010+00

5040400

¥9l-cL-H1-0a3v



AEDC-TR-72-164

SAMPLE OUTPUT
AUJA3ATIZ MWELL-STIRKE.! REACTOR CALCULATIONS

_IENPRATJRE CONSTANT
188302 Time, sec
N NT IT. NR KK M L NX MY MT LT

9 13 T 1a E \ 1 9 190 . 1
H J4B(I) .n00veQUBOII). 4297=01  -.4214-23 &1) -7507=03 X(I}.0000+00 XOII)
0 .9851=¢ .000ue0u .1778+0uBX1}, 102903 .3133-02 +0000+00
OH  .2384-,3 -000u*0U 14311400 .4200-14 .7773=02 +0000+00
HaO .3324-72 .0000+00 6611401 .3229-17 .9223-01 000000
CH L 4367-45 21704-upZ  -.3183+C1 -.1919-9F .1151-03 .4978-01
%ﬂ; +1629-04 .0000L+00 1293001 -.1041-04 .5043-03 .0000+00
CHO = .1251-26 +009U+00 «2260-05 1298-)2 .2575=0% -)000+00
CO .1740=33 +00yUe0U .3148eC3 .6600-07 524702 +0000+00
NO  .1913-03 «000U+T .1831e00 50/2-17 .4822-02 .0000+00
COz .1570-02 .0000+00 .2839401  -.2154-27 +4354~01 +0000+00
Hp  -4060-u4 .0U00+00 . 7343-01 ap2e-,8 .1281-02 .0000+00
Oy -3520-02 W7057-02 ~.6398+01 .2860-15 974401 1991400
Nz = .26%7-41 .2662=01 =.915/-01 .3208=47 .7431400 +7511+00
3400401 P 2100404 T .5530-03p .3897-02p, .2003+02 W .2821+02 W, -2079+03H -.3110+02F, .3314+00C,
-£930-05 TR .1000+01 IXID), 3=, NT

ENTHALPY CONSTANT
+1017403

AT; =i, NR «2517+01 «2295+01 -4175+01 =.50697+01 «1033+02 +1392-02 «2239+01 « 2257401 2481401
] +2223+01 -9909+01 =.5595+y1 «1887+02 ~.1769+01 «0000+00
b4 13 2 14 1 1 1 v 10
1 IMR
-237233~04 -0000UC+00 -429738-01 =.409549=03
«963129-24 -booQuUY+0D «172786+0L -460856-04
.238387-,3 -000000+00 +431075+00 +940294-04
«352395-a2 «000Q0UU+00 2601122401 -.205791~-05
«43071~=15 «176436-C¢ =:318287+01 -310727-06
+152029-24 .000003+00 +295015-91 .221412-04
-125119-06 00000V +00 +225026-03 .196291-02
<17404-23 -00000u+00 -314750+00 =.264277=0>
«1)12639-:3 -000000+30 +183084+00 .293359-03
-136962-u2 -0000U0+00 - 283859+01 «256725-06
-400013-u4 -0U0JIDO+Qb 73424901 -¢29764-04
«831973-02 .205745=02 =.639766+01 «712248-0>
«265717=11 .266226-01 -«915422-01 .293359-035
«3490+01 «21¢0+04 .5530-03 =.3000-00 .2803+02 =.0000-00 «2079+03 «2079+03 +3314+00
«55350-03 «1000+01

ENTHALPY CONSTAYT

«1671D3
aT; ji, NR{-2211%01 22209401 44172401  =.5693+01 .1032+02 .1397402 .2232+01 »2253+01 22456401
} R 04217401 9869401  -.5595401 +1894402 -.1765+01 =9000+00

9 13 2 14 1 1 1 9 10

2

«237800-)4 ~ 000000+ 00 <4302%3-01 -.417041-03
000000 *00 =177209+00 <477585-04
.00000)+00 «431167+00 95135204
«335523- 7 ~00000J+00 .6053532+01 -.206671-0>
JA3RI14- 0y .176413-02  -.318262+01 .319611-06
15351538 .882064-p> NN .136195-01 49451004
125736~ .6 .00000.+00 22633803 .1998%52-02
+174962= 13 «QUDO0u*00 «516437400  =.264313-0>
.120894=-23 .0U000GC+00 -182403+00 .292574-03
152712-92 -QUOOUU+D0 -285233+01 +255510=06
437915~ 4 «0u0000<00 .737728-01 23461004
.350509-32 ./05651-02 =.5642296+01 .711912-05
1205585=21 .266190-01  =.912217-01 .292576-035
+343p+01 2200404 «5529-03  -.0000+00 2802402 2821402 +2066+03 +2066403 «3315+00
.5529-03 «1000+01
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